ABSTRACT This study mainly develops a high-efficiency isolated bidirectional DC/DC converter (HEIBDC) with a single input and multiple outputs. For the requirement of multiple output voltages with only one single input source, the proposed HEIBDC can achieve the objectives of high-efficiency power conversion and bidirectional power flow. The proposed HEIBDC can be operated at two modes, including the step-down mode and the step-up mode. At the step-down mode, the high-voltage DC bus transmits extra energy to charge the bidirectional input power source. At the step-up mode, it can transmit the energy from the input power source to the high-voltage DC bus for the possible utilization of a later DC/AC inverter, and from the auxiliary source (e.g., a battery module) to supply power for peripheral devices. The proposed HEIBDC uses a coupled inductor to increase the step-up/step-down voltage ratio and adopts an auxiliary inductor to indirectly adjust the voltage of the auxiliary output terminal. Moreover, the utilization of voltage clamping and soft switching in the proposed HEIBDC is helpful for accomplishing the goal of high-efficiency power conversion. In addition, the effectiveness of the proposed HEIBDC is verified by experimental results of a 600W prototype in practical applications. The experimental results reveal that the maximum power conversion efficiency at the step-up mode or the step-down mode is measured to exceed 96%.
I. INTRODUCTION
Bidirectional DC/DC converters have been widely used in many applications, such as the hybrid electric vehicle, space-crafts, uninterruptible power systems, hybrid microgrid systems, and so on [1] - [4] . In recent years, the vigorous development of solar, fuel cell, and other clean energy sources provides a low-pollution power selection [5] - [7] . In these systems, all of them always need an energy storage system to supply a constant power or respond to emergency loading. In order to avoid squandering too many converters for charging and discharging energy storage systems, the development of bidirectional DC/DC converter for saving cost is necessary. Moreover, the requirements of energy storage devices are most important because of clean energy without the energy storage property. Although many bidirecThe associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat.
tional converters have high step-up/step-down voltage ratios and satisfy various voltage levels, non-isolated topologies always exist dangerous issues such as systems shut-down and output load destroyed. The power converters proposed in [8] - [14] belong to non-isolated bidirectional topologies. Even though Yu et al. [9] had the property of zero-voltage switching, many power switches were used and only low voltage ratios were obtained. Although a CLLC resonant tank in [10] was newly designed to minimize the corresponding switching losses, the values of capacitor and inductor were strictly considered for promising all switches to work with the soft-switching characteristic, and an intact control system was required to guarantee the operation stability. Although a simple structure was proposed in [11] , it cannot achieve the application with high-voltage ratios. In [12] , the leakage energy was recycled to protect power switches, and the soft-switching property was utilized for achieving high-efficiency power conversion. But, it still belonged to VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ be a low-power application. Besides, complicated control stages were required for performing precise response behavior in [13] . Even though the soft-switching technique used in non-isolated converters [8] - [14] could be applied to isolated converters, more power switches and passive components are always required so that the corresponding cost and volume will be inevitably increased. For the advantages of galvanic isolation, the flyback operation with a simple control scheme is the most popular topology for DC converters [15] - [21] . In [15] , [16] , the flyback structures were used for LED drivers. Although the structure of a bridgeless flyback rectifier was presented in [17] , it caused the high ripple currents on output diodes to possibly degenerate the conversion efficiency. In [18] , [19] , several diodes loop were designed, and the corresponding power loss was increased rapidly. Moreover, the circuit with two output terminals plus the zero-voltage switching feature was investigated in [20] , and the flyback topology was also used for the low-power photovoltaic micro-grid application in [21] . In order to improve the power conversion efficiency, softswitching techniques have been widely used in many applications. For achieving zero-voltage switching (ZVS) turn-on of the switches, an additional lossless snubber circuit is always adopted. For recycling the leakage inductance energy and accomplishing the soft-switching techniques, some interesting results were given in [22] - [26] . Wai and Liaw [27] presented a high-efficiency power conversion method by recycling the leakage inductance energy for the application with high voltage ratios. Despite the high voltage ratios in [28] , most switches with the hard-switching property will decrease the power conversion efficiency, especially for high power applications. While the property of soft switching and the requirement of less switches were demonstrated in [29] , the non-isolated operation with a low conversion ratio could be improved further. Although Pires et al. [30] introduced the battery charging and discharging system with a wide conversion range, two inductors to be required will complicate the control topology, and power loss of diodes will decrease the power conversion efficiency.
For accomplishing the objectives of high-efficiency power conversion, low manufacturing cost and multiple functions features, a high-efficiency isolated bidirectional DC/DC converter (HEIBDC) topology is proposed in this study, and an experimental prototype is built to validate the corresponding theoretical analyses. This study is organized into five sections. Following the introduction, the operation principle and steady-state analyses of the proposed HEIBDC are presented in Section II. In Section III, the circuit design consideration and the components selection guideline of the proposed converter are explained in detail. In Section IV, experimental results are provided to validate the effectiveness of the proposed converter. Finally, conclusions are drawn in Section V.
II. OPERATION PRINCIPLE AND STEADY-STATE ANALYSES
The system configuration of the proposed HEIBDC topology is depicted in Fig. 1(a) . The major symbol representations are summarized as follows. In Fig. 1(a) , the low-voltage-side circuit (LVSC) is composed of the low-voltage switch (S 1 ), the secondary-side winding (L s ) of the coupled inductor (T r ), and the low-voltage terminal (V FC ). By turning the low-voltage switch (S 1 ) on/off to draw/release energy to the primary side (L p ) of the coupled inductor (T r ). Then, the clamped circuit is composed of the low-voltage clamped capacitor (C 1 ) and the low-voltage clamped switch (S 2 ). It mainly absorbs the energy stored in the secondary-side leakage inductor (L ks ) for protecting the low-voltage switch (S 1 ) and releasing energy to the output terminal. Moreover, the middle-voltage balanced circuit has the high-voltage clamped capacitor (C 2 ), the high-voltage clamped switch (S 3 ), and the primary-side winding (L p ) of the coupled inductor (T r ). It mainly absorbs energy stored in the primary-side leakage inductor (L kp ) for protecting the high-voltage switch (S 4 ) and releasing energy to the output terminal. In addition, the high-voltage-side circuit (HVSC) has the high-voltage switch (S 4 ) and the high-voltage DC bus terminal (V BUS ) for providing a bidirectional current path between the LVSC and the HVSC. Furthermore, the auxiliary circuit contains the auxiliary inductor (L aux ), the output diode (D 1 ), and the auxiliary source terminal (V O2 ). It can charge the auxiliary source for peripheral components usage. V FC (I FC ) and V BUS (I BUS ) denote the voltages (currents) of the input power source and the output terminal at the LVSC and the HVSC, respectively; the corresponding output powers are expressed as P FC and P BUS . V O2 and I L aux express the output voltage and current in the auxiliary circuit; the corresponding output power is denoted as P O2 . T 1 ∼T 4 are the corresponding driving signals for S 1 ∼ S 4 , respectively.
The relation of the bidirectional power flow control is depicted in Fig. 1(b) . At the step-down mode, the total output power of the HEIBDC is denoted as P O = P FC + P O2 ; and the total output power of the HEIBDC is expressed as P O = P BUS + P O2 at the step-up mode. As for the stable operation of the proposed HEIBDC, a proportional-integral (PI) controller in Fig. 1 (c) is adopted without complex mathematical dynamic models. In Fig. 1(c There are two types of characteristic waveforms and operation modes for the proposed HEIBDC including the step-down mode and the step-up mode. To simplify the mathematic derivations, all of the voltages across switches and diodes are neglected. Besides, it is assumed that the lowvoltage clamped capacitor (C 1 ) and the high-voltage clamped capacitor (C 2 ) are large enough to be considered as constant voltage sources V C1 and V C2 , respectively. The equivalent circuit, voltage definition and current definition are illustrated in Fig. 2 . For describing the operational modes more clearly, the step-down mode and the step-up mode are depicted in Fig. 2 (a) and 2(b), respectively.
Figure 2(a) shows the equivalent circuit of the proposed HEIBDC operated at the step-down mode. The equivalent circuit of the coupled inductor (T r ) are composed of the primary-side winding (L p ), the secondary-side winding (L s ), the primary-side magnetizing inductor (L mp ), and the primary leakage inductor (L kp ). By defining the turns ratio (N ) to be equal N p /N s and labeling the voltage of v Lp and v Ls across the windings L p and L s , the turns ratio (N ) can be represented as
Moreover, the coupling coefficient of the coupled inductor (T r ) at the step-down mode can be expressed as Figure 2(b) shows the equivalent circuit of the proposed HEIBDC operated at the step-up mode. The equivalent circuit of the coupled inductor (T r ) are composed of the primary-side winding (L p ), the secondary-side winding (L s ), the secondary-side magnetizing inductor (L ms ), and the secondary leakage inductor (L ks ). The coupling coefficient of the coupled inductor (T r ) at the step-up mode can be denoted as
In Fig. 2 (a) and 2(b), (C S1 , C S2 , C S3 , C S4 ) and (D S1 , D S2 , D S3 , D S4 ) are the intrinsic capacitances and the body diodes of four power switches, respectively. In order to simplify theoretical analyses, four power switches and diodes are considered as ideal components. The detailed operational processes at the step-down mode and the step-up mode are described as follows:
A. STEP-DOWN MODE Figures 3 and 4 show the characteristic waveforms and the operation principle of the proposed HEIBDC at the step-down mode, respectively. The power flow forwards from the HVSC to the LVSC, and one describes the operational modes at the step-down mode via the equivalent circuit in Fig. 2(a) . At the step-down mode, the switch S 4 is served as the main switch and is controlled for regulating the voltage of the LVSC. Moreover, the switches (S 1 and S 3 ) are operated synchronously and have complementary trigger signals to the switch (S 4 ). The duty cycles of power switches are defined as At the beginning of this mode, the switch (S 4 ) is turned on under the condition of zero voltage switching (ZVS). The input current magnetizes the primaryside magnetizing inductor (L mp ) from the high-voltage DC bus (V BUS ). Moreover, the partial energy at the high-voltage side transfers to the secondary-side winding (L s ) via magnetic coupling, and the body diode (D S2 ) is conducted to transmit the energy into the capacitor (C 1 ). In addition, the energy passed through the auxiliary inductor (L aux ) and the output diode (D 1 ) charges the auxiliary source. At this mode, the voltage V BUS can be presented as
Because the voltage v Lkp is equal to v Lp (1 − k p )/k p , (4) can be rearranged as
Since the voltage of the primary-side magnetizing inductor (L mp ) is equal to v Lp , one can obtain
Moreover, the voltage across the low-voltage clamped capacitor can be expressed as
2) Mode 2 [t 1 ∼ t 2 ]: At time t = t 1 , the body diode (D S2 ) has been conducted (i.e., the voltage across the low-voltage clamped switch (S 2 ) is zero) at mode 1. At this mode, S 2 is turned on under the ZVS condition to alleviate the switching loss. Moreover, the conduction loss caused by the current passed through the body diode also can be reduced. The energy stored in the low-voltage clamped capacitor (C 1 ) and the partial energy at the high-voltage side releases to the auxiliary source via the L s -L aux -D 1 path. When the energy stored in C 1 releases completely, this mode ends.
3) Mode 3 [t 2 ∼ t 3 ]: At the beginning of this mode, the switch (S 4 ) is turned off as time t = t 2 . The energy stored in the leakage inductor (L kp ) still needs to release energy, the current direction could not be changed immediately. As a result, the body diode (D S3 ) is conducted, and the corresponding energy is absorbed by the high-voltage clamped capacitor (C 2 ). Because the value of the magnetizing inductor (L mp ) is larger than the value of L kp , the current (i Lmp ) passed through the magnetizing inductor can be almost recognized as a constant current, and its current descendant slope is much fewer with the one of i L kp . Moreover, the current of i Lmp by way of the flyback energy behavior is transferred to the secondary-side current (i Ls ). In addition, the body diode (D S1 ) is conducted, and the energy is released to charge the output source (V FC ). Furthermore, the energy stored in the auxiliary inductor (L aux ) still needs to release energy and charge the auxiliary source continuously.
4) Mode 4 [t 3 ∼ t 4 ]: At time t = t 3 , the body diode (D S1 and D S3 ) have been conducted at the previous mode. At this mode, the switches (S 1 and S 3 ) are turned on under the ZVS condition to alleviate the switching loss. By the synchronous rectification, the conduction losses caused by the currents passed through the body diodes can be reduced. Moreover, the current of i Lmp by way of the flyback energy behavior is transferred to the secondary-side current (i Ls ), and the output source (V FC ) is charged via the low-voltage switch (S 1 ). Simultaneously, the energy stored in the highvoltage clamped capacitor (C 2 ) is released to the low-voltage side via the coupled inductor (T r ). In addition, the energy stored in the auxiliary inductor (L aux ) still needs to release and charges the auxiliary source continuously. When the current (i Laux ) gradually decays to zero, this mode ends. 
According to (9) , the voltage across the high-voltage clamped capacitor can be expressed as
At the beginning of this mode, the switches (S 1 and S 3 ) are turned off. Because the leakage inductor (L kp ) still needs to release energy, the body diode (D S4 ) is conducted, and the corresponding current is back to the high-voltage DC bus (V BUS ). Because the voltage of the high-voltage DC bus (V BUS ) is higher than the voltage of the output source (V FC ), the voltage polarity of the coupled inductor reverses at once, and the current ascendant slopes of i Ls and i L kp reverse at the same time. When time t = t 6 , the body diode (D S4 ) is conducted, and the corresponding across voltage (v S4 ) is zero. The switch (S 4 ) is turned on under the ZVS condition to reduce the switching loss. After that, the magnetizing inductor (L mp ) will be magnetized again by the input voltage (V BUS ), and one switching cycle is completed. VOLUME 7, 2019 Due to the coupled inductor with a good coupling effect, the leakage energy is much smaller than the energy of a ferrite powder core. Because the proposed circuit topology has excellent voltage clamping property, the leakage energy can be fully absorbed. For simplifying mathematical derivations, the following conditions are assumed: (i) k p = 1; (ii) the dead time interval can be ignored, and d 1 + d 4 = 1. To derive the voltage gain of the proposed HEIBDC at the step-down mode, the voltages of V C1 and V C2 should be obtained in advance. Applying the principle of the volt-second balance theorem [31] for the secondary-side winding (L s ) and the primary-side magnetizing inductor (L mp ) can obtain the following relations:
According to (11) and (12), the voltages of V C1 and V C2 can be calculated as
Substituting (10) into (12), the voltage gain (G V 1 ) of the proposed HEIBDC at the step-down mode from the HVSC to the LVSC can be represented as
For calculating the discharge time of the auxiliary inductor between modes 3 and 4, the time interval can be denoted
. By using the volt-second balance theorem [31] , the average voltage of the auxiliary inductor (L aux ) should be equal to zero during one complete switching cycle (T S ), and one can obtain
According to (15) and v Ls = −V BUS /N , the auxiliary voltage gain (G VL1 ) of the proposed HEIBDC at the step-down mode can be expressed as
Then, the average current (i D 1 (avg) ) of the diode (D 1 ) can be represented as
where the maximum current (i D 1 (max) ) of the auxiliary inductor (L aux ) can be expressed as
Substituting (19) into (18), the average current (i D 1 (avg) ) of the diode (D 1 ) can be calculated as
By assuming that the average current (i D 1 (avg) ) is equal to the auxiliary source current, one can obtain
where R O2 is the equivalent load at the auxiliary circuit. From (20) and (21), the duty cycle (d x ) at the step-down mode can be given by
By substituting (22) into (17), the voltage gain (G VL1 ) of the proposed HEIBDC from the high-voltage DC bus (V BUS ) to the auxiliary source (V O2 ) can be rearranged as ) is conducted to transmit energy into the capacitor (C 2 ). Moreover, the energy stored in the auxiliary inductor (L aux ) still needs to release energy for charging the auxiliary source continuously. When the current (i Laux ) gradually decays to zero, this mode ends.
2) Mode 2 [t 1 ∼ t 2 ]: At time t = t 1 , the current (i Laux ) has dropped to zero at mode 2. Except for the path from the auxiliary inductor to the auxiliary source, other operation is similar to the one at mode 1. The low-voltage input source (V FC ) magnetizes the secondary-side magnetizing inductor (L ms ) continuously, and the partial energy of the LVSC still transfers to the primary-side winding (L p ) via magnetic coupling. The body diode (D S3 ) is conducted to transmit energy into the capacitor (C 2 ). During modes 1 and 2, the voltage relationship can be given by
Because the voltage (v Lks ) is equal to v Ls (1 − k s )/k s , (24) can be rearranged as
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Since the voltage across the secondary-side magnetizing inductor (L ms ) is equal to the value of v Ls , one can obtain
According to (24) and (25), the voltage across the highvoltage clamped capacitor can be expressed as (27) 3) Mode 3 [t 2 ∼ t 3 ]: At time t = t 2 , the body diode (D S3 ) has been conducted (i.e., the voltage across the high-voltage clamped switch (S 3 ) is zero) at the previous mode. At this mode, the switch (S 3 ) is turned on under the ZVS condition to alleviate the switching loss. By synchronous rectification, the conduction loss caused by the current passed through the body diode can be reduced. The partial energy stored in the primary-side winding still charges the capacitor (C 2 ). Afterward, the energy stored in the high-voltage clamped capacitor (C 2 ) is recycled to the low-voltage input source (V FC ).
When the energy stored in the capacitor (C 2 ) has been completely released, this mode ends. : At time t = t 5 , the switches (S 2 and S 4 ) are turned off. Because the energy stored in the primaryside winding (L p ) still needs to release, the body diode (D S4 ) is conducted to transmit energy for the high-voltage DC bus (V BUS ). Since the leakage energy in the secondary-side winding still needs to release, the body diode (D S1 ) is conducted to transfer the leakage energy for the low-voltage input source (V FC ). Because the body diode (D S1 ) is conducted and the voltage across the low-voltage switch (S 1 ) is zero, the switch (S 1 ) can operate under the ZVS condition at the next mode. Simultaneously, the energy stored in the auxiliary inductor (L aux ) begins releasing energy to charge the auxiliary source. When the current (i Lp ) gradually drops to zero, the operation over one switching cycle is completed.
For simplifying mathematical derivations, the following assumptions are made: (i) k s = 1; (ii) the dead time interval can be ignored, and d 1 +d 4 = 1. In order to derive the voltage gain of the proposed HEIBDC at the step-up mode, the voltages of V C1 and V C2 should be obtained in advance. Applying the principle of the volt-second balance theorem [31] to the primary-side winding (L p ) and the secondary-side magnetizing inductor (L ms ), one can obtain the following relations:
R.-J. Wai, Z. From (30) and (31), the voltages of V C1 and V C2 can be calculated as
By substituting (27) into (31) and using the relation of d 4 = 1 − d 1 , the voltage gain (G V 2 ) of the proposed HEIBDC at the step-up mode from the LVSC to the HVSC can be represented as
For calculating the discharge time of the auxiliary inductor at modes 1 and 6, the time interval can be denoted as
Because the average voltage of the auxiliary inductor (L aux ) is zero during a complete switching cycle via the volt-second balance theorem [31] , one can obtain
By substituting (28) into (35) , the voltage gain (G VL2 ) of the proposed HEIBDC at the step-up mode from the LVSC to the auxiliary source can be represented as Then, the average current (i D 1 (avg) ) in the diode (D 1 ) can be expressed as
where the maximum current (i D 1 (max) ) of the auxiliary inductor (L aux ) can be given by
By substituting (38) into (37), the average current (i D 1 (avg) ) of the diode (D 1 ) can be rearranged as
To make an assumption of the average current (i D 1 (avg) ) to be equal to the auxiliary source current, one can obtain
From (39) and (40), the duty cycle (d x ) at the step-up mode can be calculated as
By substituting (41) into (36), the voltage gain (G VL2 ) of the proposed HEIBDC from the low-voltage input source (V FC ) to the auxiliary source (V O2 ) can be rearranged as
III. DESIGN GUIDELINE OF CIRCUIT COMPONENTS
In this study, the proposed high-efficiency isolated bidirectional DC/DC converter (HEIBDC) is assumed to be operated at the step-down mode with the high-voltage DC bus 200V. For this case, a 200V power supply is utilized for the highvoltage source to imitate the energy stored state from the high-voltage side. Moreover, two output terminals have two voltage levels, which one is 13V ∼ 15V for charging the input source, and the other one is 25V ∼ 29V for charging the auxiliary source. To demonstrate the proposed HEIBDC at the step-down mode, the maximum power (P FC ) at the lowvoltage-side circuit (LVSC) is set at 500W (i.e., the equivalent load R FC = 0.45 ), and the maximum power (P O2 ) at the auxiliary circuit is set at 100W (i.e., the equivalent load R O2 = 8.41 ). On the other hand, the proposed HEIBDC is assumed to be operated with one input source 12V ± 10% at the step-up mode. For this case, a 12V power supply is utilized for the input source to imitate the energy released state from the LVSC. In addition, two output terminals have two voltage levels, which one is the high-voltage DC bus 200V, and the other one is 25V ∼ 29V for charging the auxiliary source. For validating the proposed HEIBDC at the stepup mode, the maximum power (P BUS ) at the high-voltageside circuit (HVSC) is set at 500W (i.e., the equivalent load R BUS = 80 ), and the maximum power at the auxiliary circuit is also set at 100W. Furthermore, this converter is operated with a 50kHz switching frequency (f S = 50kHz), and the coupling coefficients could be simplified as k p = k s = 1 because the proposed topology has a good voltageclamped performance. From (15), the voltage gain (G V 1 ) from the HVSC to the LVSC, and the duty cycle (d 4 ) with respect to different turns ratios (N ) is depicted in Fig. 7 . As for (34), the voltage gain (G V 2 ) from the LVSC to the HVSC, and the duty cycle (d 1 ) with respect to different turns ratios (N ) is depicted in Fig. 8 . According to Figs. 7 and 8, the turns ratios of the coupled inductor (T r ), the value of the auxiliary inductor, and the specifications of power switches can be determined. in Fig. 9 . By considering V O2 = 29V and V BUS = 200V in (23), the voltage gain from the HVSC to the auxiliary source G VL1 = 0.145. As a result, the value of the auxiliary inductor (L aux ) can be obtained as L aux = 4µH at the stepdown mode. By considering V O2 = 25V and V FC = 12V in (42), the voltage gain from the LVSC to the auxiliary source G VL2 = 2.083. Thus, the value of the auxiliary inductor (L aux ) can be obtained as L aux = 4.2µH at the step-up mode. Regardless of the operation at the step-down mode or the step-up mode, it has to produce the voltage range 25V ∼ 29V for charging the auxiliary source. The compromised choice of the auxiliary inductor is L aux = 4.1µH in this study.
In order to select appropriate power switches and diode, the corresponding voltage and current stresses should be considered. The proposed topology in this study has favorable voltage-clamping performance to absorb the leakage energy for effectively transmitting to the output terminals. Therefore, the destroyed phenomena of power switches because of voltage spike on the leakage inductors (i.e., L kp or L ks ) can be prevented by the designed clamped capacitor. When the proposed HEIBDC is operated at the step-down mode, the maximum voltage stresses of power switches (S 1 S 2 ) , and the ones with 500V voltage rating for the switches (S 3 and S 4 ) can be selected.
By analyzing both the mode 5 at the step-down mode and the mode 2 at the step-up mode, the relation of
holds, and the diode (D 1 ) is reversed bias at this time interval. Since no current flow is passed through the diode (D 1 ), the ascendant slope of this diode current (di D1 /dt) is equal to zero. Moreover, the value of V L aux is exactly equal to zero, and the relation of v D1 = V O2 can be obtained. Because the voltage level of the auxiliary source is set at 25V ∼ 29V, and the stray inductances effect is considered, a fast switching diode with 100V voltage rating can be selected for the diode (D 1 ), and the corresponding reverse-recovery current can be further reduced.
For ensuring the proposed HEIBDC operated at the continuous conduction mode (CCM), the minimum value of the primary-side magnetizing inductor (L mp ) inside the coupled inductor (T r ) should be designed as L mp(min) =
according to the mode 5 at the step-down mode. Moreover, the minimum value of the secondary-side magnetizing inductor (L ms ) inside the coupled inductor (T r ) should be designed as L ms(min) =
according to the mode 5 at the step-up mode. When the switching frequency (f S = 50kHz) and the output currents at the full-load condition (I FC = 33.3A and I BUS = 2.5A) are considered, the values of L mp = 146.4µH and L ms = 1.1µH can be obtained. In order to manufacture the couple inductor (T r ) easily, the number of winding turns in the primary side of the coupled inductor is designed as N p = 20, and its measured inductor value is L mp = 180µH. Because the ratio of the primary and secondary inductors in the coupled inductor is square proportional to the turns ratio (N = 10), the value of L ms can be determined as 1.8µH, and the winding turns in the secondary side of the coupled inductor is designed as N s = 2 in this study.
Due to the selection of a high switching frequency (f S = 50kHz) in the proposed HEIBDC, the factors of lower equivalent series resistance and faster dynamic response should be considered in the design of clamped capacitors (i.e., lowvoltage clamped capacitor (C 1 ) and high-voltage clamped capacitor (C 2 )) for reducing the corresponding voltage and current stress. In this study, the cutoff frequencies of the L mp −C 2 filter and the L ms −C 1 filter should be designed to be at least ten times smaller than the switching frequency [32] . Because of the selection of L mp = 180µH and L ms = 1.8µH, the low-voltage clamped capacitor (C 1 ) and the highvoltage clamped capacitor (C 2 ) have to be chosen larger than 56.3µF and 5.63µF, respectively. In order to cope with unpredictable effect in practical applications, the practical values of C 1 and C 2 are selected 72µF and 6.8µF, respectively.
The metalized-polyester film capacitors are adopted because of having many distinguishing characteristics, such as low equivalent series resistance, fast dynamic response, and fast charging and discharging.
For the stable operation of the proposed HEIBDC, the feedback control is used to solve the problem of the output voltage varied with load variations, and a digital signal processor (DSP) TMS320F28335 manufactured by Texas Instruments is adopted to satisfy the requirement of feedback control and stable operation. In this control scheme, a conventional proportional-integral (PI) controller without complex mathematical dynamic models is utilized. In this study, the output voltages (i.e., the low-voltage source (V FC ) at the step-down mode, and the high-voltage DC bus (V BUS ) at the step-up mode) of the proposed HEIBDC are controllable via the conventional PI control framework, and the voltage level of the auxiliary source (V O2 ) is regulated by the design of the auxiliary inductor (L aux ). Although the voltage of the auxiliary source (V O2 ) cannot be regulated freely, the predetermined voltage range by the design of the auxiliary inductor (L aux ) is appropriate to provide the floating charge voltage for an energy storage device (e.g., battery module) as the load in the auxiliary circuit. Even though it is easy to realize multiple dc outputs with a flyback converter by adding more transfer windings, the current stress of the main power switch in the flyback converter will be larger than the one in the proposed HEIBDC under the same output power, and the leakage energy cannot be recycled in the flyback converter with multiple windings. In order to lower manufacturing cost and improve the power conversion efficiency for the single-input multiple-outputs converter, the power switches with low current rating can be selected and the auxiliary inductor can be adopted in the proposed HEIBDC to recycle the partial leakage energy for further charging the auxiliary source. According to small-signal modeling and control stability analyses [26] , proportional and integral gains in the PI voltage controller at the step-down mode are selected as k pd = 2.2 and k id = 1, respectively. Moreover, the ones at the step-up mode are selected as k pu = 0.1 and k iu = 0.03, respectively.
IV. EXPERIMENTAL RESULTS
In order to verify the effectiveness of the proposed highefficiency isolated bidirectional DC/DC converter (HEIBDC) in practical applications, the experimentations of the proposed HEIBDC operated at the step-down mode and the step-up mode are provided in this section. According to the circuit analyses in Section II, the circuit components and the preset electrical specifications of the proposed HEIBDC are summarized in Tables 1 and 2 , respectively. The practical photographs of the proposed HEIBDC and the experimental equipment are depicted in Fig. 10(a) and 10(b) , respectively. The PI control methodologies in Fig. 1(c) and the analog/digital (A/D) sampling action are carried out in a 32-bit floating point DSP TMS320F28335 with a sampling frequency of 20kHz. The PWM duty cycles are produced by up-and-down counters and comparators in the DSP. Then, the corresponding PWM duty cycles are sent to gate drivers for driving power switches.
The measured waveforms of the switches and diode of the proposed HEIBDC operated at the step-down mode under P O = P FC + P O2 = 600W are depicted in Fig. 11 , where the input voltage at the high-voltage-side circuit (HVSC) is considered as V BUS = 200V. From Fig. 11(a)-11(d) , the body diodes of four switches (S 1 , S 2 , S 3 and S 4 ) have been conducted before power switches are turned on. It is obvious that four switches (S 1 , S 2 , S 3 and S 4 ) are turned on under the property of zero-voltage switching (ZVS). As a result, switching losses can be reduced. Moreover, the power switches (S 1 and S 2 ) are clamped at 35V, and the power switches (S 3 and S 4 ) are clamped at 351V. As can be seen from Fig. 11(e) , the reverse-recovery current inside the diode (D 1 ) is approximately zero due to the selection of a fast switching diode. The corresponding waveforms of the input voltage (V BUS ) and two output voltages (V FC and V O2 ) are depicted in Fig. 12. From Fig. 12 , the output voltage can be stably controlled via the feedback control. The voltage ripple percentages of V O2 and V FC at the step-down mode are 0.76% and 0.85%, respectively.
By considering the output power P O = P BUS + P O2 = 575W and the input voltage V FC = 12V at the step-up mode, the energy can be transmitted from the low-voltage input source (V FC ) to the high-voltage DC bus terminal (V BUS ) and the auxiliary source (V O2 ). The measured waveforms of switches and diode of the proposed HEIBDC operated at the step-up mode are depicted in Fig. 13. From Fig. 13(a)-13(d) , the body diodes of four switches (S 1 , S 2 , S 3 and S 4 ) have been conducted before power switches are turned on. Thus, these power switches (S 1 , S 2 , S 3 and S 4 ) are operated under the ZVS condition to further reduce the corresponding switching loss. Moreover, the power switches (S 1 and S 2 ) are clamped at 32V, and the power switches (S 3 and S 4 ) are clamped at 320V. Due to the selection of a fast switching diode, no reverse-recovery current is inside the diode (D 1 ) as shown in Fig. 13(e) . In addition, the corresponding waveforms of the input voltage (V FC ) and two output voltages (V BUS and V O2 ) are depicted in Fig. 14 . As can be seen from Fig. 14 , two output voltages are stably controlled at the predetermined levels. The voltage ripple percentages of V O2 and V BUS at the step-up mode are 0.71% and 0.55%, respectively.
In spite of operating at the step-down mode or the step-up mode, all power switches (S 1 , S 2 , S 3 and S 4 ) in the proposed HEIBDC are operated under the ZVS condition to reduce switching losses, and stable output voltage levels can be exactly regulated by the feedback control and the design of the auxiliary inductor. By observing the output terminals at the step-down mode, the output voltage 15V for the low-voltage source and the output voltage 28V for the auxiliary source guarantee to stably supply the charging power. By observing the output terminals at the step-up mode, the output voltage 200V for the high-voltage DC bus (e.g., for driving a DC motor or taking as an inverter input voltage) and the output voltage 25V for the auxiliary source are ensured to stably supply power for various applications. The transient responses of the proposed HEIBDC at the step-down mode and the step-up mode with/without PI controller under step load changes are depicted in Fig. 15 . As can be seen from Fig. 15(a) , the output voltages at the step-down mode with the PI controller will be back to the preset voltage levels after the loading or unloading transient variation. However, the output voltages at the step-down mode without the PI controller have steady-state voltage errors, i.e., there are 0.5V and 0.4V steady-state voltage errors in V O2 and V FC , respectively, as shown in Fig. 15(b) . At the step-up mode, the output voltages with the PI controller as shown in Fig. 15(c) also quickly return to the preset voltage levels after the loading or unloading transient variation. Unfortunately, the output voltages at the step-up mode without the PI controller have 15V and 1V steady-state voltage errors in V BUS and V O2 , respectively, as shown in Fig. 15(d) . It is obvious that the voltage levels for the low-voltage terminal, the auxiliary source terminal and the high-voltage DC bus terminal can be stably adjusted by PI controllers. The output voltage responses of the proposed HEIBDC under the corresponding nominal input voltage to be varied ±10% at the step-down mode and the step-up mode are depicted in Fig. 16(a) and 16(b) , respectively. Although the output voltage of the auxiliary circuit only can be adjusted at the setting range 25V ∼ 29V, the output voltages of the LVSC and the HVSC can be precisely controlled to be 15V and 200V at the step-down mode and the step-up mode, respectively. In addition, the waveforms including the power conversion efficiency and two output powers of the proposed HEIBDC operated at the step-down mode and the step-up mode are depicted in Fig. 17(a) and 17(b) , respectively. In the experiments, the converter efficiency is evaluated via Power Analyzer WT500 equipment, manufactured by the hboxYokogawa Electric Corporation. The bandwidth of the WT500 is 0.5Hz to 100kHz, and the accuracy of the measured power is within ±0.1%. The experimental results reveal that the maximum efficiency at the step-down operation is measured to be 98.2% under the output power about 400W in Fig. 17(a) . The maximum efficiency at the step-up operation is measured to be 96.4% under the output power 300W in Fig. 17(b) . Because the input voltage V FC = 12V in the VOLUME 7, 2019 LVSC at the step-up mode is lower than the output voltage V FC = 15V in the LVSC at the step-down mode, the value of I FC at the step-up mode is larger than the one at the step-down mode for the same power. Thus, the corresponding copper loss and conduction loss at the step-up mode are also larger than the ones at the step-down mode. As can be seen from Fig. 17 , the power conversion efficiency at the step-up mode is lower than the one at the step-down mode for the same power.
Owing to the hard-switching condition and the leakage inductor of the transformer, it is really difficult to realize high power conversion efficiency with a traditional flyback converter. Fortunately, the proposed HEIBDC absorbs the leakage energy of the coupled inductor and adopts the softswitching technique for all switches to achieve the objective of high-efficiency power conversion. In order to explain the power conversion efficiency of the proposed HEIBDC, the power losses caused by main circuit components [33] are introduced later. At the step-down mode or the step-up mode, the power consumptions on power switches and diodes are denoted as P S1 , P S2 , P S3 and P S4 for switches S 1 , S 2 , S 3 and S 4 , respectively; P D1 for
Moreover, the power consumptions in the coupled inductor contain the copper loss (P cu ) and the core loss (P fe ). Because body diodes (D S1 and D S4 ) inside power switches (S 1 and S 4 ) are only conducted in a tiny time interval, and metalized-polyester film capacitors are used, the corresponding power consumptions can be neglected in power loss analyses. In addition, the turn-on resistance of power switches and the forward voltages of diodes can be represented as R ds and V F , respectively. By the amp-second balance theory [31] , the charging and discharging currents on the capacitors (C 1 and C 2 ) can be expressed as I S2(rms) = I D S2 (rms) and I S3(rms) = I D S3 (rms) , respectively. Thus, one can obtain the following relations:
According to the relation of P fe = C m f α eq B β f S in [34] , the maximum core loss can be calculated as P fe(max) = 8W via the datasheet of EE-55 ferrite core, and the practical core loss in the proposed converter with the typical value of β = 2.5 can be rearranged as
It is assumed that V C1 and V C2 are 1% variation, and parasitic parameters are summarized in Table 3 . As a result, the total power loss in the proposed HEIBDC can be represented as
From (52), the calculation of the power conversion efficiency at the step-down mode can be expressed as
On the other hand, the calculation of the power conversion efficiency at the step-up mode can be denoted as
As can be seen from Fig. 17(a) , the calculated maximum efficiency is 98.509% at the step-down mode by substituting the powers (P FC = 370W and P O2 = 30W) at the maximum power conversion efficiency into (53). The corresponding power loss ratio of the proposed HEIBDC at the step-down mode is depicted in Fig. 17(c) . As can be seen from Fig. 17(b) , the calculated maximum efficiency is 97.177% at the stepup mode by substituting the powers (P BUS = 270W and P O2 = 30W) at the maximum power conversion efficiency into (54). The corresponding power loss ratio of the proposed HEIBDC at the step-up mode is depicted in Fig. 17(d) . The above experimental results agree well with those obtained from theoretical analyses given in Section II and the prototype manufacturing considerations given in Section III. According to the experimental verification, the proposed HEIBDC can achieve the objectives of bidirectional operations, galvanic isolation, multiple outputs, and high power conversion efficiency.
In order to exhibit the advantages of the proposed HEIBDC, comprehensive comparisons of bidirectional converters in previous literatures are summarized in Table 4 .
As can be seen from the tabular data, numerous circuit frameworks belong to single-input single-output (SISO) bidirectional DC/DC converters without the function of multiple output voltages [11] , [12] , [14] , [24] - [26] , [28] - [30] . Chen et al. [26] proposed an actively clamped bidirectional flyback converter, and all switches in [26] had zero-voltageswitching characteristics. However, the high voltage gain performance of this SISO converter is not provided in [26] , and it belongs to a low-power application. Moreover, the topology in the previous work [27] belongs to a single-input multipleoutput (SIMO) bidirectional DC/DC converter to be similar to the proposed one with the isolated structure plus four power switches in this study. Although Wai and Liaw [27] presented a high-efficiency power conversion method by recycling the leakage inductance energy for the application with high voltage ratios, the additional clamped diode will generate extra power loss in the converter [27] . In order to further improve the power conversion efficiency in [27] and save the manufacturing cost, the proposed HEIBDC uses the body diode of the power switch (S 2 ) to replace the clamped diode (D 2 ) in [27] .
In order to display the extra power loss caused by the clamped diode (D 2 ) in [27] , the power electronics simulation software (PSIM) developed by Powersim Corporation is adopted to simulate the converter in [27] and the proposed HEIBDC operated at the step-up mode under the same conditions. As for numerical simulations as shown in Fig. 18 , the switching frequency, the input voltage, the output voltage, the auxiliary output voltage, and the total output power are set as f s = 100kHz, V FC = 12V, V BUS = 200V, V O 2 = 25V ∼ 30V and P O = 1kW, respectively. The simulated circuit frameworks of the converter in [27] and the proposed HEIBDC are depicted in Fig. 18(a) and 18(b) , respectively, where the dotted boxes are the major comparative components between two converters. As can be seen from Fig. 18(c) , the power losses caused by the clamped diode (D 2 ) VOLUME 7, 2019 and the power switch (S 2 ) are measured about 22.52W, and the power conversion efficiency of the converter in [27] is 88%. By observing Fig. 18(d) , the power loss caused by the power switch (S 2 ) without the clamped diode (D 2 ) is only about 13.2W, and the power conversion efficiency of the proposed HEIBDC is 94%. From Fig. 18(c) and 18(d) , it is obvious that additional clamped diode (D 2 ) in [27] indeed generates extra power loss (P D 2 = 4.53W) in the converter than the proposed HEIBDC. Consequently, the power conversion efficiency of the proposed HEIBDC is higher than the one of the converter in [27] , and the number of circuit components can be decreased with the same as the function of voltage clamping. Wai et al. [35] investigated a coupled-inductor-based high-efficiency bidirectional singleinput multiple-output (BSIMO) converter to accomplish the bidirectional power control with the properties of voltage clamping and soft switching. However, the function of galvanic isolation in this study was ignored in [35] . Although Wai and Jheng [36] also proposed a high-efficiency SIMO coupled-inductor-based DC/DC converter, the functions of bidirectional operation and galvanic isolation in this study were not considered in [36] . According to the aforementioned comparisons, the proposed HEIBDC with isolated and bidirectional circuit framework indeed yields superior innovation than previous researches in [27] , [35] , [36] to be studied by the same authors' group.
As high step-up or step-down behaviors obviously can be demonstrated by electrical specifications in [12] , [14] , [24] , [25] , [27] , [28] and [30] , the bidirectional power control design similar to the one in the proposed HEIBDC has been reported. Although the power conversion efficiency of the framework operated at the step-up mode in [12] is slightly larger than the one in the proposed HEIBDC, a large amount of power switches and capacitors in [12] are only used for SISO system, so that the manufacturing cost in [12] is inevitably increased. In addition, the power conversion efficiency of the proposed HEIBDC operated at the step-down mode is higher than all the ones in Table 4 . Furthermore, the converters with a quadratic gain may be operated with sensitive voltage-gain and non-isolated structure for low power applications in [30] . Owing to hard-switching conditions, the power consumptions on power switches will degenerate the power conversion efficiency. In this study, all switches with the soft-switching property are adopted for improving the power conversion efficiency. As can be seen from comprehensive comparisons with other literatures in Table 4 , the proposed HEIBDC indeed performs high power conversion efficiency, isolated property, and appropriate manufacturing cost under the laboratory experimental prototype.
In order to further reduce the voltage stresses on the highvoltage switch (S 4 ) and high-voltage clamped switch (S 3 ), the position of the high-voltage clamped capacitor (C 2 ) can be moved to be connected in series with the primary-side winding. By this case, the voltage stresses on the high-voltage switch (S 4 ) and high-voltage clamped switch (S 3 ) can be clamped to V BUS , and the energy stored in the leakage inductor (L kp ) also can be absorbed. However, a higher capacitor value for C 2 should be chosen to deliver the same power as the proposed HEIBDC. In the future works, a new circuit framework to reduce the voltage stresses on power switches can be further investigated.
V. CONCLUSIONS
This study has successfully developed a high-efficiency isolated bidirectional DC/DC converter (HEIBDC) with step-down and step-up bidirectional functions, and this coupled-inductor-based converter is applied well to galvanic isolation and single input terminal plus two output terminals. The proposed HEIBDC incorporates a coupled inductor, four power switches, two clamped capacitors, one auxiliary inductor and one output diode to achieve the objectives of highefficiency power conversion, zero voltage switching (ZVS) turn-on, bidirectional operation, and single-input multipleoutputs. A 600W prototype has been built and verified the theoretical analyses with the practical behaviors. From the experimental verification, the maximum power conversion efficiency is over 96%, and the corresponding voltage level can be adjusted by the feedback control and the design of the auxiliary inductor.
The major advantages of the proposed HEIBDC are recited as follows: F1) The circuit by utilizing four power switches achieves the goals of the bidirectional operation, the galvanic isolation, multiple output terminals, and high conversion efficiency.
2) The voltage stresses across power switches can be clamped to be specific voltage levels, so that power switches with lower turn-on resistances can be selected to decrease the conduction losses, and it will further decrease the switching losses via the soft-switching technique. 3) A feedback control system can be applied with a digital signal processor, instead of a traditional analog control circuit. 4) The closedloop control method is adopted to stabilize the output voltage for load variations. 5) Multiple output terminals with bidirectional operation make the circuit power flow flexibility. 6) The auxiliary source supplies energy for peripherals instead of another power subsystems, and benefits as saving the manufacturing cost and simplifying complicated power systems.
